Abstract. Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] is a major vegetable crop in the world, accounting for 6.8% of the world area devoted to vegetable crops. Watermelon is a useful vegetable crop for genetic research because of its small genome size, and the many available gene mutants. The watermelon genes were originally organized and summarized in 1944, and have been expanded and updated periodically. However, the action of some watermelon genes has not been described clearly in some cases. Also, the interaction of multiple gene loci that control similar traits needs to be described more clearly. Finally, it is necessary to identify the inbred lines having each published gene mutant, for use as type lines in studies of gene action, allelism, and linkage. The objective of this work was to update the gene list, identify the cultivar or line having each gene mutant, and collect seeds of the lines for use by interested researchers. In addition, the gene descriptions were expanded and clarifi ed, information on gene interactions was added, and errors in naming or citing previously described genes were corrected. New genes that have not previously been described (cr, Ctr, dw-3, ms-2, Ti, ts and zym-FL) were added to the list, for a total of 163 watermelon gene mutants.
Watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) is a major cucurbit crop that accounts for 6.8% of the world area devoted to vegetable crops (FAO, 2002) . Watermelon is grown for its fl eshy, juicy, and sweet fruit. Mostly eaten fresh, they provide a delicious and refreshing dessert especially in hot weather. The watermelon has high lycopene content in the red-fl eshed cultivars: 60% more than tomato. Lycopene has been classifi ed as useful in the human diet for prevention of heart attacks and certain types of cancer.
Watermelon is native to central Africa where it was domesticated as a source of water, a staple food crop, and an animal feed. It was cultivated in Africa and the Middle East for >4000 years, then introduced to China around 900 AD, and fi nally brought to the New World in the 1500s. There are 1.3 million ha of watermelon grown in the world, with China and the Middle Eastern countries the major consumers. China is the largest watermelon producer, with 68.9% of the total production. The other major watermelon producing countries are Turkey, Iran, Egypt, United States, Mexico, and Korea (FAO, 2002) . In the United States, watermelon is used fresh as a dessert, or in salads. U.S. production is concentrated in Florida, California, Texas, and Georgia (USDA, 2002) , increasing from 1.2 Mt in 1980 to 3.9 Mt in 2002, with a farm value of $329 million (USDA, 2002) .
Watermelon is a useful crop species for genetic research because of its small genome size, and the many available gene mutants. Genome size of watermelon is 424 million base pairs. DNA sequence analysis revealed high conservation useful for comparative genomic analysis with other plant species, as well as within the Cucurbitaceae. Like some of the other cultivated cucurbits, watermelon al., 1941), t (McKay, 1936) , and w (Poole et al., 1941) for red, tan, and white seed coat, respectively. The genes interact to produce six phenotypes: black (RR TT WW); clump (RR TT ww); tan (RR tt WW); white with tan tip (RR tt ww); red (rr tt WW); and white with pink tip (rr tt ww). A fourth gene, d was suggested by Poole et al. (1941) as a modifi er, producing black dotted seed coat when dominant for r, t, and w but having no effect on other genotypes.
The genes (s) and (l) for short and long seed length (sometimes called small and large seed size) control seed size, with s epistatic to l (Poole et al., 1941) . The genotype LL SS gives medium size, ll SS gives long, and LL ss or ll ss gives short seeds. The Ti gene for tiny seed was reported by Tanaka et al. (1995) . Tiny seed from 'Sweet Princess' was dominant over medium-size seed and controlled by a single dominant gene. The small seed gene behaved in a manner different from Poole's medium-size seed cultivar. Tanaka et al. (1995) suggested that the Ti gene was different from the s and l genes. Unfortunately, the origin of short and long seed genes was not described in Poole's paper.
Tomato seed is shorter and narrower than the short seeded genotype, ll ss (width × length: 2.6 × 4.2 mm). It is controlled by the ts (Zhang et al., 1994a) gene, with genotype LL ss tsts. Cracked seed coat cr (El-Hafez et al., 1981 ) is inherited as a single gene that is recessive to noncracked seed coat. Egusi seed eg (Gusmini et al., 2003) has fl eshy pericarp covering the seeds. After washing and drying, the seeds are diffi cult to distinguish from normal.
Vine mutants. Several genes control leaf or foliage traits of watermelon. Nonlobed leaf (nl) has the entire leaf rather than the lobed leaf type of the typical watermelon (Mohr, 1953) . Seedling leaf variegation slv (Provvidenti, 1994) causes a variegation resembling virus infection on seedlings. It is linked or pleiotropic with Ctr for cool temperature resistance. The yellow leaf (Yl) gene results in yellow leaves, and is incompletely dominant to green leaves (Warid and Abd-El-Hafez, 1976) . Delayed green leaf dg (Rhodes, 1986) causes pale green cotyledons and leaves for the fi rst few nodes, with later leaves developing the normal green color. Inhibitor of delayed green leaf (i-dg) makes leaves normal green even when they have dgdg genotype (Rhodes, 1986) . The juvenile albino ja (Zhang et al., 1996b) gene causes reduced chlorophyll in seedling tissues, as well as leaf margins and fruit rind when plants are grown under short day conditions. The dominant gene Sp (Poole, 1944) causes round yellow spots to form on cotyledons, leaves and fruit, resulting in the fruit pattern called moon and stars.
So far, four dwarf genes of watermelon have been identifi ed that affect stem length and plant habit: dw-1 (Mohr, 1956 ) and dw-1 s (Dyutin and Afanas'eva, 1987) are allelic, and dw-1, dw-2 (Liu and Loy, 1972), and dw-3 (Hexun et al., 1998) This is the latest version of the gene list for watermelon. The watermelon genes were originally organized and summarized by Poole (1944) . The list and updates of genes for watermelon have been expanded and published by Robinson et al. (1976) , the Cucurbit Gene List Committee (1979 Committee ( , 1982 Committee ( , and 1987 , Henderson (1991 and , Rhodes and Zhang (1995) , and Rhodes and Dane (1999) . This current gene list provides an update of the known genes of watermelon, with 163 total mutants grouped into seed and seedling mutants, vine mutants, fl ower mutants, fruit mutants, resistance mutants, protein (isozyme) mutants, DNA (RFLP and RAPD) markers, and cloned genes.
This gene list has been modifi ed from previous lists in that we have 1) added or expanded the description of the phenotypes of many of the gene mutants, 2) added descriptions for phenotypes of interacting gene loci, 3) identifi ed the type lines that carry each form of each gene, 4) identifi ed the gene mutant lines that are in the curator collections, and 5) added genes that have not previously been described: cr (El-Hafez et al., 1981) , Ctr ), dw-3 (Hexun et al., 1998 , ms-2 (Dyutin, and Sokolov, 1990) , Ti (Tanaka et al., 1995) , ts (Zhang et al., 1994a) , and zym-FL . We had intended to include a review of gene linkage, but few reports were found except for sets of molecular markers in wide crosses of Citrullus. Finally, we attempted to correct some of the errors in gene descriptions or references from previous lists. Rosa, 1928 Porter, 1937 Poole, 1944 C Navot et al., 1990 ---M Navot et al., 1990 ---M Navot and Zamir 1986 and Zamir , 1987 Zamir et al., 1984 ---M Navot and Zamir 1986 Zamir et al., 1984 ---M Navot and Zamir 1986 Zamir et al., 1984 ---M Navot and Zamir 1986 Zamir et al., 1984 ---M Navot and Zamir 1986 Zamir et al., 1984 ---M Vashishta and Choudhury, 1972 ---? Navot et al., 1990 Zamir 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Navot and Zamir 1986 ---M Navot et al., 1990 Navot and Zamir 1986 ---M Layton 1937 * Hall et al., 1960 Robinson et al., 1976; Winstead et al., 1959 Mohr and Sandhu, 1975 ? Hexun et al., 1998 ---? Porter, 1937 Poole, 1944 ? Gusmini et al., 2003 ---C Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Poole, 1944 ---? Navot et al., 1990 Navot and Zamir, 1986 ---M Henderson et al., 1970 Netzer and Weintall, 1980 C Navot et al., 1990 ---M Khandelwal and Nath, 1978 ---? Weetman, 1937 Poole, 1944 Porter, 1937 ? Weetman, 1937 Poole, 1944 C Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Kwon and Dane, 1999 ---? Watts, 1962 , 1967 Robinson et al., 1976 Ray and Sherman, 1988 ? Barham, 1956 Robinson et al., 1976 * C Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990; Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990; Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990; Zamir, 1986, 1987; Zamir et al., 1984 ---M Zamir et al., 1984 ---M Navot et al., 1990 Zamir et al., 1984 ---M Wimmer et al., 1997 ---M Rhodes, 1986 ---L Zamir et al., 1984 ---M Henderson et al., 1998 Rhodes and Dane, 1999 * C Zhang et al., 1996b ---? Poole et al., 1941 ---? Navot et al., 1990 Navot and Zamir, 1986 ---M Weetman, 1937 Poole, 1944 ? Navot and Zamir, 1987 Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987 ---M Navot and Zamir, 1987 ---M Navot and Zamir, 1987 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Zamir et al., 1984 ---M Zhang and Wang, 1990 Zhang et al., 1994b ? Huang et al., 1998 ---? Dyutin, and Sokolov, 1990 ---? Mohr, 1953 Robinson et al., 1976 * C Weetman, 1937 Poole and Grimball, 1945 ? Weetman, 1937 * Poole and Grimball, 1945 Robinson et al., 1976 ** ? Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1986; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot et al., 1990 Zamir, 1986, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Navot and Zamir, 1987; Zamir et al., 1984 ---M Robinson et al., 1975 ---P Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot et al., 1990 Navot and Zamir, 1986 ---M Navot and Zamir, 1987 - longer than normal vine and considerably longer than dwarf. The dw-1 s is recessive to normal plant type. Plants with dw-2 have short internodes due to fewer cells than the normal type, and plants with dw-3 have leaves with fewer lobes than the normal leaf.
The golden yellow mutant is controlled by the single recessive gene go, where the stem and older leaves are golden yellow (Barham, 1956 ). The gene go was from 'Royal Golden'. One benefi t of the go gene is that the fruit become golden yellow as they mature, possibly useful as a maturity indicator. The gene tl (formerly called branchless, bl) results in tendrilless branches after the 5th or 6th node Zhang et al., 1996a) . Also, plants have half the number of branches of the normal plant type, vegetative meristems gradually become fl oral, tendrils and vegetative buds are replaced by fl owers (with a large percentage being perfect), and growth becomes determinate.
Flower mutants. The andromonoecious gene a (Rosa, 1928) controls monoecious (AA) vs. andromonoecious (aa) sex expression in watermelon. Andromonoecious plants have both staminate and perfect fl owers, and appears to be the wild type. Light green fl ower color is controlled by the single recessive gene, gf (Kwon and Dane, 1999) .
Four genes for male sterility have been reported. Glabrous male sterile (gms) is unique, with sterility associated with glabrous foliage (Watts, 1962 and 1967) . A second male sterile ms-1 (Zhang and Wang, 1990) produces plants with small, shrunken anthers and aborted pollen. A third male sterile mutant appeared simultaneously with dwarfi sm, and the dwarf gene was different from the three known dwarf genes. It was named male sterile dwarf (ms-dw) by Huang et al. (1998) . All male sterile genes reduce female fertility as well. These mutants have been used in hybrid production, but have not been as successful as hoped, since they often have low seed yield. A new, spontaneous male sterile mutant (ms-2) with high normal seed set has been identifi ed, and will be more useful for hybrid production (Dyutin, and Sokolov, 1990) .
Fruit mutants. Considerable attention has been given to genes affecting fruit type in watermelon. A single recessive gene su (Chambliss et al., 1968) eliminates bitterness in fruit of C. lanatus, and appears to be the same as the dominant gene (Su) for bitter fl avor in the fruit of the colocynth (Citrullus colocynthis).
Fruit shape is controlled by a single, incompletely dominant gene, resulting in fruit that are elongate (OO), oval (Oo), or spherical (oo) (Weetman, 1937) . A single gene controls furrowed fruit surface f (Poole, 1944) that is recessive to smooth (F). Explosive rind (e) causes the fruit rind to burst or split when cut (Porter, 1937) . The non-explosive genotype (EE) would be important to improve shipping ability for marketing.
Thirteen mutants have been identifi ed that affect fruit color either in the skin or fl esh. A single gene determines the intensity of green color of the fruit skin, with solid light green (g) skin color recessive to solid dark green (G) (Weetman, 1937) . Green striped skin is controlled by a single gene g s (Weetman, 1937) that is recessive to dark green, but dominant to light green. The symbol g s for this gene was proposed, although there are narrow, medium, and wide striped patterns that were not explained by qualitative genes so far. Another type of striping of the fruit skin is where the stripes are very narrow and inconspicuous. The trait is controlled by a single recessive gene inherited independently of g s , called pencilled lines p (Weetman, 1937) . The greenish white mottling of the fruit skin is controlled by the single recessive gene m (Weetman, 1937) , resulting in gray types, such as 'Iowa Belle' and 'Charleston Gray'. The gene Sp produces spotted fruit, making interesting effects as found on the cultivar 'Moon and Stars' (Poole, 1944) .
Watermelon fl esh color is controlled by several genes to produce red, orange, salmon yellow, canary yellow, or white. Genes conditioning fl esh colors are B (Shimotsuma, 1963) , C (Poole, 1944) , i-C (Henderson et al., 1998) , Wf (Shimotsuma, 1963) , y (Porter, 1937 ) and y o (Henderson, 1989 and Henderson et al. 1998) . Canary yellow (C) is dominant to red fl esh (c).
Red fl esh (Y) is dominant to salmon yellow (y). Orange fl esh (y o ) is a member of multiple allelic system at that locus, where Y (red fl esh) is dominant to both y o (orange fl esh) and y salmon yellow (salmon yellow), and y o (orange fl esh) is dominant to y (salmon yellow). In a separate study, two loci with epistatic interaction controlled white, yellow and red fl esh. Yellow fl esh (B) is dominant to red fl esh. The gene Wf is epistatic to B, so genotypes WfWf BB or WfWf bb were white fl eshed, wfwf BB was yellow fl eshed, and wfwf bb was red fl eshed. Canary yellow fl esh is dominant to red, and i-C inhibitory to C, resulting in red fl esh. In the absence of i-C, C is epistatic to Y.
Golden yellow was inherited as a single recessive gene go (Barham, 1956 ) derived from 'Royal Golden' watermelon. The immature fruit had a dark green rind which becomes more golden yellow as the fruit matures. The stem and older leaves also become golden yellow, and the fl esh color changes from pink to red.
Resistance mutants. Resistance to race 1 (and 3) of anthracnose (Colletotrichum lagenarium formerly Glomerella cingulata var. orbiculare) is controlled by a single dominant gene Ar-1 (Layton 1937) . Resistance to race 2 of anthracnose is also controlled by a single dominant gene Ar-2 1 (Winstead et al., 1959) . Resistance to race 1 of Fusarium oxysporum f. sp. niveum is controlled by a single dominant gene Fo-1 (Henderson et al., 1970) . Gummy stem blight, caused by Didymella bryoniae (Auersw.) Rehm, is inherited by a recessive gene db (Norton, 1979) . Most watermelons are resistant to races of Sphaerotheca fuliginea present in the U.S., but a single recessive gene pm (Robinson et al., 1975) for susceptibility to powdery mildew was found in the plant introduction, PI 269677. A high level of resistance to zucchini yellow mosaic virus was found in four landraces of Citrullus lanatus, but was specifi c to the Florida strain of the virus.
